Background: The fully human monoclonal antibody bezlotoxumab binds Clostridioides (Clostridium) difficile toxin B and reduces recurrence rates in patients with C. difficile infection (CDI) receiving antibacterial treatment for a primary or recurrent episode.
Introduction
Clostridioides (Clostridium) difficile infection (CDI) is the most frequent cause of healthcare-associated gastrointestinal (GI) infection in the USA and is also increasingly associated with community-acquired GI infections. 1, 2 Although clinical treatment of CDI with metronidazole, vancomycin or fidaxomicin is often successful, 25% of individuals experience a recurrence of CDI (rCDI) following treatment of a primary episode [3] [4] [5] [6] and 40% experience further recurrences following the first rCDI. 5 Bezlotoxumab (MK-6072) is a fully human monoclonal antibody that binds to C. difficile toxin B and is indicated for prevention of rCDI in adults receiving antibacterial drug treatment for CDI who are at high risk for rCDI. 7, 8 In the Phase 3 MODIFY I/II trials, a single intravenous dose of bezlotoxumab resulted in a significantly lower rate of rCDI versus placebo during the 12 week follow-up period in participants receiving antibacterial drug treatment for primary or rCDI. 9 Bezlotoxumab had no effect on initial clinical cure (ICC). Most participants received bezlotoxumab 3 days after antibiotic treatment for CDI began. 9 It is not known if the timing of administration relative to onset of antibiotic treatment affects clinical outcome. The aim of this post hoc analysis of the MODIFY I/II trials was to evaluate the efficacy of bezlotoxumab summarized by timing of infusion relative to the start of antibacterial drug treatment for CDI.
Methods

Study design
MODIFY I (NCT01241552; P001) and MODIFY II (NCT01513239; P002) were randomized, double-blind, placebo-controlled, multicentre, Phase 3 trials that were conducted from November 2011 to May 2015 at 322 sites in with Good Clinical Practice guidelines and the provisions of the Declaration of Helsinki. The protocols and amendments were approved by the institutional review board or independent ethics committee at each study site and written informed consent was obtained from all participants before the trial began. Adults aged 18 years who were prescribed oral antibacterial drug treatment for CDI (metronidazole, vancomycin or fidaxomicin) were randomized to receive a single infusion of bezlotoxumab (10 mg/kg of body weight), actoxumab (10 mg/kg; MODIFY I only), bezlotoxumab ! actoxumab (10 mg/kg each) or placebo. Investigators were encouraged to administer the study medication as soon as possible relative to the initiation of antibacterial treatment; however, the protocol permitted administration at any time during the antibacterial treatment period, which was specified to be 10 to 14 days. CDI was defined as diarrhoea [3 unformed bowel movements (types 5 to 7 on the Bristol stool scale) 10 in 24 h], with a stool test result positive for toxigenic C. difficile.
In this post hoc analysis, efficacy data from participants who were administered bezlotoxumab or placebo in the MODIFY I/II trials were summarized by timing of study medication administration: 0-2, 3-4 and 5 days after onset of antibacterial drug treatment for CDI.
Endpoints
ICC was defined as no diarrhoea during the two consecutive days following completion of 16 calendar days of antibacterial drug treatment for CDI. rCDI was defined as a new episode of diarrhoea associated with a positive stool test for toxigenic C. difficile in participants who had achieved ICC of the baseline CDI episode.
Data and statistical analysis
The analysis population for ICC was the modified ITT (mITT) population, which included all randomized participants in the overall population of the MODIFY I/II trials who received study infusion, had a positive baseline stool test for toxigenic C. difficile and received antibacterial drug treatment for CDI at the time of randomization. Estimation of rCDI was assessed in participants who achieved ICC (clinical cure population). Baseline demographics and clinical characteristics were summarized descriptively.
ICC rates and observed rCDI rates are presented along with adjusted rate differences between the bezlotoxumab and placebo groups and their 95% CIs. Adjusted rate difference was based on the Miettinen and Nurminen 11 method and stratified by trial (MODIFY I versus MODIFY II), antibacterial drug treatment for CDI (metronidazole versus vancomycin versus fidaxomicin) and hospitalization status at time of randomization (inpatient versus outpatient). The non-parametric Kaplan-Meier method was used to estimate the distribution of time to resolution of baseline CDI episode for each treatment group and timing of infusion group.
Results
Participants
This post hoc analysis included 1554 participants, of which 781 received bezlotoxumab and 773 received placebo. In total, 649 (41.8%), 469 (30.1%) and 436 (28.1%) participants received an infusion 0-2, 3-4 and 5 days after onset of antibacterial treatment for CDI, respectively ( Table 1 ). The number of participants completing Timing of bezlotoxumab administration JAC the trial through to the end of the 12 week follow-up period was similar in all groups (82.6% to 88.8%), and the baseline characteristics were generally similar between the bezlotoxumab and placebo treatment groups, according to time of infusion initiation (Table 1 ).
Efficacy
ICC rates were similar in all groups, irrespective of treatment administered or timing of administration (range 77.8% to 81.4% for bezlotoxumab and 77.8% to 81.7% for placebo) (Figure 1a) . Rates of rCDI were lower with bezlotoxumab compared with placebo across all infusion timing groups (range 19.3% to 22.8% for bezlotoxumab and 31.7% to 35.8% for placebo) (Figure 1b) , and the adjusted difference between the bezlotoxumab and placebo groups was similar, regardless of the timing of study medication infusion (-12.3% to -13.1%).
Time to resolution of diarrhoea was similar for both bezlotoxumab and placebo in each subgroup ( Figure S1 , available as Supplementary data at JAC Online). In both the bezlotoxumab and placebo treatment groups, 70% of participants who had been receiving antibacterial treatment for three or more days before infusion of the study medication no longer had diarrhoea at the time of infusion (Study Day 1). By the end of antibacterial treatment, 95% of participants had resolved their diarrhoea in both treatment groups, regardless of the timing of infusion.
Discussion
This post hoc analysis was conducted to evaluate the impact of infusion timing on bezlotoxumab efficacy endpoints. The analysis demonstrated a substantial reduction in the incidence of rCDI with Birch et al.
bezlotoxumab compared with placebo, regardless of timing of infusion. Bezlotoxumab did not appear to improve ICC rates when given early during the course of antibiotic treatment and irrespective of timing of infusion relative to the onset of antibacterial treatment, as indicated by the similar point estimates and difference between bezlotoxumab and placebo groups. Moreover, early administration of bezlotoxumab did not appear to improve the time to resolution of the primary symptom of CDI, diarrhoea. While we did not see an effect of bezlotoxumab on ICC or time to resolution of diarrhoea, it is thought that administration early after onset of symptoms could improve outcomes in patients with severe CDI. However, only 17% of participants who were administered study medication within the first two days of onset of antibiotic therapy were classified as having severe CDI; therefore, the sample size was too small to evaluate this hypothesis.
These findings suggest that there can be flexibility in the timing of bezlotoxumab administration, facilitating its use in an outpatient setting. This may improve post-hospitalization follow-up and increase the likelihood of reimbursement from third-party payers. The MODIFY trial design required that the study medication be administered before the end of antibiotic therapy. The rationale for this design was to ensure that the antibodies were in the systemic circulation before onset of the at-risk period for rCDI. A previous study demonstrated that fidaxomicin and vancomycin treatment reduced C. difficile toxin B levels as early as 3-5 days after onset of treatment and this effect was sustained until the end of treatment (10-13 days). Toxin B levels began to rise 9-25 days after the end of therapy (the first follow-up visit) following completion of therapy for both antimicrobial agents. 12 This illustrates the time course of toxin B levels during antibacterial drug treatment for CDI and highlights that toxin levels begin to rise shortly after finishing a course of antibiotic treatment, representing the start of the rCDI risk period. There was a significant correlation between the presence of vegetative cells and spores and high toxin levels. 12 These findings support the theory that it is optimal to administer bezlotoxumab before antibacterial treatment for CDI ends, so that it is in the systemic circulation and available to protect against the damaging effects of new toxin production when the patient is most at risk for relapse or re-infection. Further support for administering bezlotoxumab prior to the end of antibacterial drug treatment is provided by preclinical evidence, which showed that by preventing rCDI during the critical high-risk period, bezlotoxumab treatment allowed the intestinal microbiota time to fully recover its role as a natural defence against C. difficile. 13 This post hoc analysis of the effect of bezlotoxumab infusion timing on clinical outcome supports the proposal that administration of bezlotoxumab any time before ending antibacterial treatment is effective in the prevention of rCDI.
Limitations of the study include the fact this was a post hoc analysis, which was not powered to assess for statistical significance. As such, the results can only be interpreted as trends rather than taken as conclusive. Despite this, the sample sizes for each subgroup were fairly large and risk factors for rCDI were balanced across treatment groups within each subgroup, which will have minimized bias in the results.
In conclusion, the results of this post hoc analysis suggest that bezlotoxumab can be administered any time before ending antibacterial drug treatment for CDI in order to prevent rCDI.
